Protein mutational landscapes are shaped by the cellular environment, but key factors and their 21 quantitative effects are often unknown. Here we show that Lon, a quality control protease 22 naturally absent in common E. coli expression strains, drastically reshapes the mutational 23 landscape of the metabolic enzyme dihydrofolate reductase (DHFR). Selection under conditions 24 that resolve highly active mutants reveals that 23.3% of all single point mutations in DHFR are 25 advantageous in the absence of Lon, but advantageous mutations are largely suppressed when 26
Introduction 32
Natural protein sequences are constrained by pressures to maintain required structures and 33 functions within a complex cellular environment, but the key cellular factors are often unknown. 34
In the cellular context, multiple constraints shape the mutational landscapes of proteins, which 35
we define here as the effects on growth of every possible single amino acid mutation in the 36 protein. Deep mutational scanning has been an influential method for determining protein 37 mutational landscapes (Boucher, Bolon, & Tawfik, 2016; Fowler & Fields, 2014) To study the impact of multiple constraints on mutational tolerance during selection, we chose E. 51 coli dihydrofolate reductase (DHFR) as a model system. DHFR is an essential enzyme within 52 folate metabolism that reduces dihydrofolate to tetrahydrofolate and is necessary for thymidine 53 production. Using this activity as the basis for an in vivo selection assay (Reynolds, McLaughlin, 54 S2A). To quantify the effects of DHFR mutations on growth, we calculated selection coefficients 78 from the change in allele frequency over time by deep sequencing of timepoint samples ( Figure  79 1B). Under these controlled selection conditions (see Methods) we observed a linear relationship 80 between selection coefficient and in vitro activity (Figure 1C) at cytosolic substrate 81 concentrations (Bennett et al., 2009 ) for a panel of 14 DHFR mutants (Table S1 ). These results 82 confirm that selection coefficients between -1.5 and 1.0 in our experiment are correlated with 83 DHFR activity over approximately 3 orders of magnitude, and that selection can resolve mutants 84 with higher turnover than wild-type level activity. 85
86
We next performed deep mutational scanning using the calibrated selection conditions to 87 determine growth effects in biological triplicate for a library of all possible DHFR single point 88 mutants (Figure 1D , Source data 1). All pairwise replicates were related with a Pearson 89 correlation R 2 value of 0.70 and the median standard deviation between replicates for selection 90 coefficients was 0.2 (Figure S2B-D) . From these data, we define DHFR mutations with selection 91 coefficients of < -0.2 and > 0.2 as disadvantageous and advantageous, respectively. Mutations 92 that were depleted during overnight growth (under less stringent conditions using a 93 supplemented growth medium, see Methods) were assigned a null phenotype. As expected, 94 mutations at DHFR positions that are known to be functionally important (M20, W22, D27, L28, 95 F31, T35, M42, L54, R57, T113, G121, D122, and S148) were generally disadvantageous or null 96 mutations ( Figure S3) . These results indicate that our selection assay is a sensitive reporter of 97 functionally important residues and that our results are consistent with previous biochemical 98 characterization of DHFR. 99
In contrast, the observation of a large fraction of advantageous mutations (red, Figure 1D ) was 101 unexpected: 737 of 3161 possible variants were advantageous mutations (23.3%), and wild-type 102 DHFR only ranked 1205 th . In direct measurements of individual growth rates under our selection 103 conditions, the top two DHFR variants (W47L and L24V) led to increases in growth rate of 40 104 and 76%, respectively, when compared to wild-type DHFR (Figure S4) . Advantageous 105 mutations were widely distributed over 127 of the 159 positions of DHFR ( Figure 1E) . 106
Furthermore, when we examined the DHFR structure, many of the advantageous mutations 107 appeared to disrupt key side-chain interactions, for example by disrupting atomic packing 108 interactions or surface salt-bridges ( Figure S5) . 109
110
To understand the origins of this counter-intuitive preference for mutations, we looked for 111 cellular factors potentially affecting our mutational landscape. Our selection strain (Anton, 112 Fomenkov, Raleigh, & Berkmen, 2016), like most standard expression strains of E. coli, is 113 naturally deficient in Lon protease (Gur & Sauer, 2008) 2013). Although these 21 mutants were selected for minimal impacts on turnover, we reasoned 121 that the absence of Lon could be responsible for the large fraction of advantageous but 122 potentially destabilizing mutations observed in our selection.
To test this prediction, we reintroduced chromosomal Lon expression under the control of a 125 constitutive promoter in our selection strain, and repeated deep mutational scanning in biological 126 triplicate (Source data 2). We refer to the two regimes as +Lon and -Lon selection. The quality 127 of +Lon selection was comparable to that of -Lon selection (Figure S6) . Consistent with our 128 hypothesis, we observed that the number of advantageous mutations after reintroducing Lon 129 decreased from 737 in -Lon selection to 384 in +Lon selection (Figure 2A) , the mean selection 130 coefficient for advantageous mutations decreased from 0.47 to 0.37, and the rank of the wild-131 type sequence increased by 340 to 865 th (Figure S7) . The median rank of the wild-type residue 132 over all positions decreased from 8 in -Lon selection to 5 in +Lon selection ( Figure S8) . 133
134
To examine in more detail how the mutational response of individual residues changes between 135 selection ±Lon, we used a K-means clustering algorithm (see Methods) to group all DHFR 136 sequence positions into 5 categories: positions where mutations were generally advantageous 137 (Beneficial), generally neutral (Tolerant), variably advantageous and disadvantageous (Mixed), 138 generally disadvantageous (Restricted), and generally null (Intolerant). Grouping was performed 139 separately for -Lon and +Lon selection ( Table S2 ). Comparing the distributions of DHFR 140 positions in -Lon and +Lon conditions illustrates the extensive reshaping of the mutational 141 landscape by Lon (Figure 2B) . For -Lon selection, 28 positions (17.6%) were classified as 142 Beneficial, where nearly every mutation was preferred over the wild-type residue. In 143 comparison, the number of Beneficial positions decreased to 10 in +Lon selection, with only 3 144 surface-exposed positions (E48, T68, D127) common between the two Beneficial sets. 145
Simultaneously, the number of Restricted positions increased from 42 to 67 with the reintroduction of Lon into the selection strain ( Figure 2B) . These results support the conclusion 147 that Lon activity broadly penalizes mutations, including a large subset of the advantageous 148 mutations. Overall, the changes upon modulating Lon activity lead to a model in which 149 upregulating Lon increases constraints on DHFR, and the mutational landscape changes from 150 being permissive when Lon is absent to being more restricted when Lon is present ( Figure  151 Table S2 ). These results show that Lon has a broad impact on 162 the mutational landscape throughout the DHFR structure but imposes particularly strong 163 constraints in the DHFR core. 164
165
We next sought to more directly test whether advantageous mutations in DHFR destabilize the 166 protein and whether this destabilization could explain their sensitivity to Lon expression. To 167 select specific mutations for in vitro tests, we considered all positions with more than one 168 mutation in the top 100 most advantageous mutations. These positions fell into four categories that were each clustered in a hot-spot region in the structure (Figure 4A ,B, Figure S10 ): 1) 170 exchanges between hydrophobic residues at core positions, 2) disruptions of surface residues on 171 the beta-sheet below the active site, 3) disruptions of polar interactions with the adenine ring of 172 NADPH, or 4) mutations to the active site or M20 loop that controls access to the active site. At 173 these positions, we selected 24 strongly advantageous mutations for in vitro characterization. 174
Where possible, we selected two mutations at the same position but with significantly differing 175
Lon sensitivities such that the set had a range of ∆selection coefficients from -0.07 to -1.46, with 176 the exception of L24V that had a positive ∆selection coefficient. We first confirmed that all 177 selected mutants had in vitro activities higher than the wild-type level of activity or were within a 178 two-fold difference (Figure 4C, Figure S11 , Table S3 ). We then measured apparent melting 179 temperature (Tm) values from non-reversible thermal denaturation monitored by circular 180 dichroism spectroscopy, which revealed that many of the advantageous mutations considerably 181 destabilized the protein (Figure 4D, Figure S12 , Table S4 ). Moreover and as expected, the 182 ∆selection coefficients between +Lon and -Lon selection ( Figure 4E) . These results indicate that the selected 186 advantageous mutations are typically destabilizing and that destabilization is correlated with Lon 187 sensitivity. One possible explanation for the selection advantage of destabilizing mutations is 188 that these mutations promote breathing motions that accelerate product release, which is rate 189 limiting for wild-type DHFR at neutral pH (Oyen et al., 2017) and for a hyperactive DHFR 190 mutant with a 7-fold increase in kcat (Iwakura et al., 2006) . The naturally occurring insertion in the Lon promoter in our original selection strain allowed the 209 serendipitous discovery that advantageous mutations are remarkably prevalent throughout the 210 DHFR structure but are also highly sensitive to Lon. The large fraction of advantageous 211 mutations to DHFR appears to conflict with the fixation of the wild-type DHFR sequence during 212 evolution. However, screening DHFR variants under calibrated selection conditions (such as 213 defined temperature, medium, and growth kept in early log phase) for a few generations is not 214 expected not recapitulate the natural selection pressures on E. coli DHFR on evolutionary timescales. Our selection is intentionally sensitive to mutation because conditions are calibrated 216 to be linearly related to DHFR activity ( Figure 1C) . In contrast, endogenous DHFR is expected 217 to be buffered from mutational impacts. Reducing DHFR expression in E. coli does not have an 218 impact until expression is below 30 % of the endogenous level (Bershtein et al., 2013) . 219
Nevertheless, new insights can be drawn from the contrast between mutations that are 220 advantageous in our calibrated selection and the wild-type DHFR sequence. The increase in the 221 number of advantageous mutations in the absence of Lon shows that decreasing environmental 222 constraints can substantially modulate the tolerance to mutation in a deep mutational scanning 223 experiment. From this perspective, tolerance to destabilizing mutations in the absence of Lon 224 explains approximately half of the advantageous mutations and approximately two-thirds of the 225 positions categorized as Beneficial (Figure 2A, B The ability to tune multiple constraints could provide a general way of controlling landscapes to 241 drive genes into regions of sequence space that are highly responsive to external pressures. A 242 concrete example of how this principle could be applied is in combinatorial antibiotics. Lon 243 inactivation has been shown to increase resistance to antibiotics (Nicoloff & Andersson, 2013) . 244
Switching between compounds capable of inhibiting or activating Lon in combination with 245
DHFR-targeting folate inhibitors such as trimethoprim could serve to variably promote 246 destabilized resistance mutants when Lon is inhibited and then penalize those mutations when 247
Lon is reactivated. 248 249 While the power in engineering individual gene sequences is well-recognized, we are only just 250 beginning to explore the potential in engineering the general behavior of local sequence space. 251
We anticipate that further study of tunable constraints will yield a new toolkit for fine control of 252 the landscapes that guide movements through sequence space and enable unexplored engineering 253 applications. 254 acid and grouped by their mutational response category from the -Lon selection in Figure 2C . 318 Positions with a native VILMWF or Y amino acid are indicated with an orange bar to the left. 319 C) Per-position mean ∆selection coefficient displayed on the structural model of DHFR. The 5 320
cross-section slices of the DHFR structure are displayed as in Figure 1E , and the color scale is as 321 in B). 322 mutations, the beta carbon is depicted as a sphere scaled according to the number of top 327 mutations. For mutants selected for in vitro characterization, the beta carbon is colored according 328 to its location in the DHFR structure: core (purple), surface beta-sheet (gold), proximal to the 329 adenine ring on NADPH (blue), or proximal to the active site and M20 loop (red). Positions for 330 advantageous mutants from the calibration set are depicted in grey.
331
B) The structure from A) rotated 90˚ clockwise. 
Generation of individual point mutant plasmids 416
Point mutants in all DHFR-containing plasmids were generated via inverse PCR as described 417 above for the generation of SMT205 except that the appropriate antibiotic was matched with the 418 plasmid (Source data 3). Library primer sequences (Source data 3) were used except that the 419 "NNS" sequence on the forward primer was replaced with the desired codon. Growth rates for the selection strains bearing individual DHFR mutants were measured in 96-436 well plate growth assays as described for one individual mutant. The SMT205 plasmid was 437 transformed via heat shock into chemically competent ER2566 ∆folA ∆thyA ± Lon cells and 438 plated on an LB-agar plate with 30 µg/mL chloramphenicol plus 50 µg/mL thymidine and 439 incubated overnight at 37˚C. On the second day, 2 mL M9 medium (1x M9 salts (BD Difco, cat# 440 248510), 0.4% glucose w/v (Fisher Chemical, cat# D16, CAS: 50-99-7), 2 mM MgSO4 (Sigma 441
Aldrich, cat# 63138, CAS:10034-99-8)) with supplements for deficient folate metabolism (50 442 µg/mL thymidine (Sigma Aldrich, cat# T1895, CAS: 50-89-5), 22 µg/mL adenosine (Sigma 443
Aldrich, cat# A9251, CAS: 56-61-7), 1 µg/mL calcium pantothenate (TCI, cat# P0012, CAS: 444 137-08-6), 38 µg/mL glycine (Fisher BioReagents, cat# BP381, CAS: 56-40-6), and 37.25 µg/mL methionine (Fisher BioReagents, cat# BP388, CAS 63-68-3)) and 30 µg/mL 446 chloramphenicol in a 14 ml culture tube was inoculated with 5-10 colonies scraped from the 447 plate and incubated at 37˚C at 225 rpm shaking for 12-14 hours. Biological replicates were 448 obtained from separate inoculations at this step and run on the same plate. All assays were run 449 from fresh transformations. Then, 20 -50 µL of the previous culture was used to inoculate 5 mL 450 of M9 medium (no supplements) with 30 µg/mL chloramphenicol in a 14 ml culture tube. This 451 fresh culture was incubated for 6 hours at 30˚C at 225 rpm shaking. Meanwhile 2 mL of M9 452 medium with 30 µg/mL chloramphenicol and a transparent 96-well plate were pre-warmed at 453 30˚C. After the 6 hour incubation, the optical density at 600 nm (OD600) of the culture was 454 measured on a Cary 50 spectrophotometer over a path of 1 cm. This early log-phase culture was 455 diluted to an OD600 = 0.005 in the 2 mL aliquot of warmed M9. 200 µL of the dilute culture was 456 pipetted into a well in the 96-well plate. Technical replicates were obtained by dispensing the 457 same dilute culture into multiple wells. Wells were covered with 50 µL of mineral oil (Sigma 458
Aldrich, cat# M5904, CAS: 8042-47-5) using the reverse pipetting technique. The plate was then 459 incubated for 20-48 hours at 30˚C in a Victor X3 multimode plate reader (Perkin Elmer). Every 460 10 minutes, the plate was shaken for 30 seconds with an orbital diameter of 1.8 mm under the 461 "normal" speed setting. Then, the absorbance at 600 nm (ABS600) was measured for each well. 462
Growth rates were calculated from the slope of Log2(ABS600 -ABS600t=0) for ∆ABS600 in the 463 range of 0.015 -0.04 using an in-house python script. 464 465
Deep mutational scanning experiments 466
Competitive growth under selection for DHFR activity was performed in a continuous culture 467 turbidostat (gift of Rama Ranganathan) as described below for a single sublibrary. Sublibraries of DHFR single point mutants were transformed via electroporation as described above into 469 electrocompetent ER2566 ∆folA ∆thyA ± Lon cells using approximately 50 ng of plasmid DNA 470 and 80 µL of competent cells with a transformation efficiency of 10 8 cfu/ng (based on testing 471 with 10 ng of pACYC plasmid DNA). Immediately after electroporation, the cells were rescued 472 with 2 mL of SOB medium with 50 µg/mL thymidine warmed to 37˚C. The rescue culture was 473 incubated at 37˚C for 45 minutes at 225 rpm shaking. After the rescue step, 4 µL of the rescue 474 medium (1/500 of the rescue volume) was serially diluted in 10-fold increments. Half the volume 475 of each dilution (1/1000 -1/10 7 of the rescue volume) was plated on an LB-agar plate with 30 476 µg/mL chloramphenicol plus 50 µg/mL thymidine and incubated overnight at 37˚C. The colonies 477
were counted the following morning to check for a minimum of 1,000x oversampling of the 478 theoretical diversity in the library (~10 6 transformants for each sublibrary). Meanwhile, the 479 larger portion of the rescue medium was mixed with 4 mL of SOB medium with 45 µg/mL 480 chloramphenicol (1.5x) plus 50 µg/mL thymidine warmed to 37˚C. This 6 mL culture was 481 incubated for 5-6 hours at 37˚C at 225 rpm shaking in a 14 mL culture tube. After incubation, the 482 culture was pelleted by centrifuging for 5 minutes at 3000 rpm at room temperature in a 483 swinging bucket centrifuge. The cells were resuspended in 50 mL of supplemented M9 medium 484 + 30 µg/mL chloramphenicol and incubated for 12-14 hours at 37˚C at 225 rpm shaking in a 250 485 mL flask. In the morning, 150 mL of supplemented M9 medium + 30 µg/mL chloramphenicol in 486 a 1 L flask was inoculated with 15 mL of the overnight culture. This pre-culture was incubated at 487 30˚C for 4 hours at 225 rpm shaking. After 4 hours, the pre-culture was centrifuged at 3000 rpm 488 for 5 min at room temperature in a swinging bucket centrifuge, and the OD600 was measured to 489 ensure that the culture did not grow beyond early-mid log phase (OD600 ~ 0.3). The supernatant 490 was decanted, and the pellet was resuspended in 30 mL of M9 medium. Pelleting and resuspension were repeated for a total of 3 washes to remove the supplemented medium. After 3 492 washes, the OD600 was measured for the resuspended pellet using a 10-fold dilution to stay in 493 the linear range of the spectrophotometer. 494
495
The washed pellet was then transferred to the growth chamber of the turbidostat (a 250 mL pyrex 496 bottle) containing 150 mL of M9 medium with 50 µg/mL chloramphenicol. Selection 497 experiments were performed with 2 of the 4 sublibraries at a time (two repeats of SL1-SL2 and 498 SL3-SL4, and one repeat of SL1+SL3 and SL2+SL4 for a net of biological triplicates for every 499 codon in the gene), and the resuspended pellet from each library was diluted in the initial culture 500
to an OD600 = 0.035. Mixing and oxygenation was provided by sterile filtered air from an 501 aquarium pump. Every 60 seconds, the aquarium pump was stopped, and the optical density of 502 the culture was read by an infrared emitter-receiver pair. The ADC (analog-to-digital converter) 503 of the voltage over the receiver was calibrated against a spectrophotometer to convert the signal 504
into an approximate OD600. The cells were grown at 30˚C with an OD600 threshold of 0.075. 505
When the OD600 of the selection culture exceeded the threshold, the selection culture was 506 diluted to OD600 ~0.065 with 25 mL of M9 medium with 50 µg/mL chloramphenicol, and the 507 additional culture volume was driven through a waste line by the positive pressure of the 508 aquarium pump. At timepoints of t=0, 2, 4, 6, 8, 12, 16, and 18 hours, 6 mL of the selection 509 culture in 2 mL centrifuge tubes was pelleted at 5000 rpm for 5 minutes at 4˚C in a 510 microcentrifuge (Eppendorf, 5242R). The supernatant was removed except for the last ~200 µL, 511 and the tubes were again pelleted at 5000 rpm for 5 minutes at 4˚C in a microcentrifuge, and all 512 the supernatant was carefully removed from the pellet. The pellets were stored at -20˚C until 513 sequencing.
Amplicon generation 516
Amplicons were generated by two rounds of PCR. The first round of PCR amplifies a portion of 517 the DHFR gene from the pACYC plasmid containing 2-3 sublibraries. For quality control 518 templates were 1 ng/µL plasmid solutions and the amplicons covered SL1-SL2 or SL3-SL4. 519
Round 1 PCR reactions were set up using 1 µL of template, 1% v/v Q5 hotstart polymerase 520 (NEB, cat# M0493), 1x Q5 Reaction Buffer, 1x Q5 High GC Enhancer, 200 µM dNTPs, and 500 521 nM forward and reverse primers. PCR was performed in the following steps: 1) 98˚C for 30 522 seconds, 2) 98˚C for 10 seconds, 3) 57˚C for 30 seconds, 4) 72˚C for 12 seconds, 5) return to 523 step 2 for 16 cycles, 6) 72˚C for 2 minutes. 524
525
The Round 2 PCR uses primers that attach the Illumina adapters and the i5 (reverse) and i7 526 (forward) barcodes for sample identification and demultiplexing. Round 2 PCR reactions were 527 set up and run identically to Round 1 reactions except that the template was 1 µL of Round 1 528 PCR. Round 2 reactions were analyzed by gel electrophoresis using a 1% TAE-agarose gel in 529 TAE buffer with 0.01% v/v GelRed, and the product amount was quantified using gel 530 densitometry in FIJI. Samples were pooled stoichiometrically and cleaned with a gel extraction 531 kit (Qiagen). Because of the risk of contamination from small primer dimers, gel extraction was 532 performed with very dilute samples. Only 20 µL of sample was loaded onto a 50 mL TAE-533 agarose gel (OWL EasyCast, B1A) with 8 of the 10 wells combined into a single well. The 534 pooled amplicons were then cleaned again with a PCR clean-up kit (Zymogen, cat# D4013) to 535 allow for small volume elution. The final amplicon concentration was measured with a Counts at each timepoint were only reported for an allele if its frequency was above 2.0 * 10 -5 . 560
Raw counts are reported in Source data 4-6. 561 562
Analysis of deep mutational scanning data 563
Mutant counts were used to generate selection coefficients on our background-subtracted count 564 files with Enrich2 using unweighted linear regression (Rubin et al., 2017) . The raw Enrich2 565 values for each unique selection experiment were combined with a post-processing script. 566
Enrich2 does not calculate selection coefficients for mutants that have no counts at a timepoint, 567 so some selection coefficients were recalculated using only the timepoints before the counts for 568 that allele fell below the cutoff frequency of 2.0 * 10 -5 . Individual selection coefficients were 569 evaluated based on two criteria: noise and number of timepoints. Individual selection coefficients 570 were discarded 1) if the standard error from regression was greater than 0.5 + 0.5 * (selection 571 coefficient) or 2) if there were fewer than 4 timepoints reporting on the mutant. The regression 572 for the fitness value of the mutants from replicate selection experiments to the average values 573 across all experiments was calculated and the fitness values in each replicate were scaled to 574 correct for linear differences in the selection values between replicates. These normalized values 575 were then averaged for the final fitness value. Averaged selection coefficients values were 576 evaluated based on two criteria: the standard deviation of the averaged selection coefficients and 577 the number of replicates. Averaged selection coefficients were discarded 1) if the standard 578 deviation over the normalized replicates was greater than 0.5 + 0.25 * (selection coefficient) or 579 2) if there were fewer than 2 replicates. In Source data 1 and 2 the fitness is reported as the 580 mean normalized fitness, the standard error is reported as the combined Enrich2 standard error 581 (from linear regression of timepoints), and the standard deviation is reported as the standard deviation of the biological replicates. The correlation and R-values of normalized replicate 583 experiments and the distribution of standard deviations and standard errors for each mutant is 584 reported in Figure S1 . 585 586 Selection was evaluated by comparing selection coefficients to DHFR velocity from reported 587
Michaelis-Menten kinetics at cytosolic concentrations of DHF (Kwon et al., 2008) . Kinetic 588 values are listed in Table S1 . Based on this calibration, differences between selection 589 coefficients below ~-2.5 were not considered interpretable, and a floor value of -2.5 was applied 590 to all selection coefficients for the purpose of analysis. 591
592
For subtraction to calculate ∆selection coefficients, null selection coefficients in +Lon selection 593 were substituted with the lowest measured selection coefficient. Mutations with a null selection 594 coefficient in -Lon selection were assigned a ∆selection coefficient of "No data" (colored black). 595
Mutations with "No data" value in either selection condition were also assigned a ∆selection 596 coefficient of "No data" here. 597
598
Purification of his6-tagged DHFR 599 DHFR variants were expressed from pHis8 plasmids (KR101/SMT301) for nickel affinity 600 purification as described for one DHFR variant. The plasmid bearing the his-tagged DHFR 601 mutant was transformed via heat shock into chemically competent ER2566 ∆folA ∆thyA -Lon 602 cells, then the cells were plated on LB-agar plates containing 50 µg/mL kanamycin (AMRESCO, 603 cat# 0408, CAS: 25389-94-0, 50 mg/mL in ethanol) and 50 mg/mL thymidine. The plates were 604 incubated overnight at 37˚C. The next day 2 mL of LB medium with 50 µg/mL kanamycin was
